Introduction
Glioblastoma is the most common and most aggressive primary brain tumor with poor patient survival irrespective of treatment. This low survival rate is at least partly caused by glioma stem cells (GSCs).
1,2 These self-replicating pluripotent cells reside in GSC niches, which are specific microenvironments in glioblastoma. GSCs are resistant to therapy and may cause tumor recurrence. [3] [4] [5] [6] Quiescence of GSCs in the niches, [7] [8] [9] [10] [11] [12] effective DNA damage repair, [12] [13] [14] [15] effective drug efflux ABC transporter activity, 16 and/or Notch signaling 13, 17 are factors that play a role in their resistance to therapy. It is clear that GSCs need to be eradicated for more effective therapy of glioblastoma. 7, 8, 13, 14, 18 A promising new therapeutic option is targeting GSCs with hyperthermia in combination with irradiation because multiple DNA repair pathways are sensitive to hyperthermia.
are arterioles and, therefore, introduced the concept of periarteriolar niche. 21, 22 The two types of niches are very similar. In fact, the only difference is that in the concept of the perivascular niche, no discrimination is made between the types of vessels around which GSC niches are found, be it arteriole, capillary, venule, or lymph vessel, whereas this is an arteriole in the concept of periarteriolar GSC niche. This difference is not trivial because in the concept of perivascular niche, it is often, if not always, assumed that the vessels are capillaries. 3, 8 A major functional difference between capillaries and arterioles is that capillaries are exchange vessels and arterioles are transport vessels. Morphologically, arterioles have a distinctly larger lumen than capillaries and the wall of arterioles is thicker than that of a capillary ( Figs. 1 and 2) .
The aim of the present review is a critical analysis of the literature on perivascular GSC niches to establish whether a specific type of vessel is the center of a perivascular niche and, if so, which one(s). For that purpose, we briefly discuss the morphology of arterioles, capillaries, venules, and lymph vessels. Then, we discuss the various structural and functional characteristics that are known of perivascular GSC niches and periarteriolar GSC niches. Finally, we analyze, when available, images of perivascular niches in publications on perivascular GSC niches and conclude that GSC niches are found around arterioles in glioblastoma.
Arterioles, Capillaries, Venules, and Lymph Vessels
The four types of vessels that are found in tissues are arterioles, capillaries, venules, and lymph vessels. The larger vessels, arteries and veins, are not discussed here because they do not seem to play a role in GSC niche biology. Figures 1 and 2 show the morphology of these vessel types. 23 Capillaries have a lumen with a diameter of 5-10 μm, which is roughly the diameter of an erythrocyte. So, normal capillaries show erythrocytes inside that pass in rolls of single cells. Leukocytes are larger in size, and, therefore, their elasticity and mesenchymal characteristics are needed to pass capillaries. Wider capillaries exist and are called sinuses, and occur, for example, in the bone marrow. 23, 24 However, the morphological characteristic of sinuses that is different from that of arterioles and venules is their wall consisting of a single EC layer surrounded by pericytes which do not cover the entire endothelium. 23 Lymph vessels are much wider than capillaries and lack pericytes in their wall, so the endothelium monolayer is the entire lymph vessel wall 23 ( Fig. 1) . Arterioles have the thickest wall and a round lumen of 20-130 μm in diameter, whereas the lumen of venules and lymph vessels is not necessarily round 23 ( Figs. 1 and 2 ). The lumen of venules is usually larger than those of arterioles of the same size. Figure 1 shows that the arteriolar wall consists of the following layers from luminal to abluminal: endothelium, tunica elastica interna, tunica media (smooth muscle layer), tunica elastica externa, and tunica adventitia ( Figs. 1 and 2) . Venules have the same layers, but the major difference is the thickness of the tunica media. This smooth muscle cell layer is only a few cell layers thick in the wall of venules. 23 Three aspects of the arteriolar wall are relevant for GSC niches. First, arterioles are transport vessels and not exchange vessels, 23 meaning that there is no or hardly any oxygen release from the arteriolar lumen to surrounding tissues. This explains the hypoxic areas that express hypoxia-inducible factor (HIF)-1α and vascular endothelial growth factor (VEGF) in which we found all periarteriolar niches adjacent to necrotic areas. 21, 71 Second, members of the Notch family drive the arterial gene program, whereas the orphan receptor COUP-TFII suppresses this program and regulates venous specification. The homeobox gene Prox-1 encodes for the master switch of lymphatic specification. 25, 26 Expression of Prox-1 is regulated by SOX18, and blood vessel marker expression is downregulated by SOX18 via Prox-1 expression. 27 Loss of signaling via Notch, VEGF, and Sonic HedgeHog (Shh) results in loss of arterial identity. 28 These signaling pathways are also involved in maintaining the stemness of GSCs. Therefore, the arteriolar wall may be a natural habitat for stem cells and thus for GSCs in glioblastoma tumors. Third, the tunica adventitia of arterioles is not just stroma. It harbors niches for mesenchymal stem cells (MSCs). [28] [29] [30] [31] [32] MSC niches are localized in the tunica adventitia adjacent to the tunica media. 31, 32 It can be concluded on the basis of these aspects of arteriolar walls that the place to be for GSCs is their hypoxic periarteriolar niches.
Perivascular Niches
Perivascular GSC niches are the most frequently described niches. ECs are the essential cell type of perivascular niches that control GSC stemness. 8, 13, 18, 33 ECs are derived from hematopoietic stem cells (HSCs) in the bone marrow 13 and can be visualized by immunohistochemical staining of markers such as CD31, CD36, and CD34. 6, 13 GSCs have been reported to express VEGF that promotes angiogenesis. 8, 20 Angiogenesis is a hallmark of glioblastoma. 8, 20 In vitro and in vivo studies showed that co-cultures of ECs and GSCs promote expression of stemness proteins, such as Sox2, Olig2, Bmil, and CD133 in GSCs, 34 and interactions between ECs and GSCs are responsible for the maintenance of stemness properties of GSCs. 8, 13 In vitro, basic fibroblast growth factor (bFGF)-conditioned medium of glioblastoma ECs reverted differentiated glioblastoma cells to GSCs. 35 CD133-positive GSCs reside closely to ECs. 8 Calabrese et al. showed that glioblastoma cells decreased in number after ablation of blood vessels in a mouse xenograft glioma model. 8 ECs release nitric oxide (NO) that induces Notch signaling in GSCs expressing nestin and the NO receptor sGC. 3, 36 NO produced by nitric oxide synthase-2 (NOS2) in GSCs has been shown to play an important role in GSC survival, proliferation, therapy resistance, SOX2 expression, 37, 38 and poor patient survival 39 and is therefore an interesting therapeutic target.
Other cell types of perivascular niches are pericytes and smooth muscle cells. 18, 30, 40 Pericytes are involved in tumor progression. 33, 40 It has been reported that GSCs can transdifferentiate in ECs and pericytes which means that GSCs can differentiate into other types of cells, seemingly to generate cell types that are needed in their niches. 40, 41 Cheng et al. demonstrated with in vivo cell lineage tracing that the majority of pericytes in glioblastoma tumors were generated from GSCs. Furthermore, elimination of GSC-derived pericytes disrupted angiogenesis; this suggests that targeting pericytes being part of the microenvironment of GSCs may be an effective therapeutic strategy in glioblastoma. 40 The need of GSCs for both ECs and hypoxia in their perivascular niches is explained by the structure of blood vessels that is different from that of the vasculature of healthy brain tissue. 42 Blood vessels in glioblastoma are dilated and often leaky. 1, 5, 42 As a consequence, the blood flow is altered which may lead to poor oxygen supply and subsequently a hypoxic microenvironment of GSCs. 43, 44 Leaky blood vessels can also be explained by the production of NO by nitric oxide synthase-3 (NOS3), which is expressed in ECs. NO inhibits smooth muscle cell proliferation. NOS3 expression is induced by VEGF and is involved in vascular leakage. Proteases such as matrix metalloproteinases (MMPs) are activated by oxidized products of NO that modulate endothelial permeability. 45, 46 Fibroblasts are also present in perivascular niches. Fibroblasts are responsible not only for extracellular matrix (ECM) synthesis but also for ECM breakdown. For the latter purpose, fibroblasts express MMPs, which are proteases that degrade the ECM. 47 Degradation of the ECM is required for invasion and metastasis, 48, 49 and extracellular expression of MMPs and also cysteine cathepsins has been reported to be associated with invasiveness of glioblastoma. 3, 42, [50] [51] [52] [53] VEGF is expressed by, among other cell types, GSCs and ECs. Furthermore, ECs in perivascular niches express Shh, 34, 54 Delta-like ligand 4 (DLL4), 20, 55 and Jagged-1 (J1). 20 Shh is involved in the activation of the Hedgehog signaling pathway, which controls proliferation of normal stem cells in various organs and also in the GSC niche. 34, 54 Shh is involved in glioblastoma tumor growth, whereas knock down of DLL4 and J1 in ECs reduced glioblastoma growth in vivo. 34 Both ligands activate the Notch signaling pathway, which is another essential stem cell pathway. 56 Nestinpositive GSCs express Notch receptors for these ligands and therefore have Notch signaling activity.
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Periarteriolar Niches
In 2015, Hira et al. were the first to demonstrate periarteriolar niches of GSCs. 21 By performing immunohistochemistry on cryostat sections of human glioblastoma, it was demonstrated that CD133-positive and nestinpositive GSCs reside in hypoxic environments surrounding CD31-positive ECs and smooth muscle actin (SMA)-positive smooth muscle cells of arterioles. Hypoxia around arterioles was explained by the fact that arterioles are transport vessels and not exchange vessels, whereas capillaries are the exchange vessels. The niches were always found in close vicinity of necrotic areas, and expression of HIF-1α and VEGF was found around the arterioles in wider areas than the GSC niches. 21 Later on, Hira et al. repeated their investigations in a semiquantitative manner in a larger number of human glioblastoma samples and found niches around seven of 335 arterioles and none around 924 venules and 8085 capillaries. 71 Apparently, the smooth muscle cells of arterioles are essential as well besides the ECs for GSC niches. We cannot yet rule out the possibility that GSC niches occur around venules as well because the venular vessel walls also contain smooth muscle cells although in lower numbers (see Fig. 1 ). The study characterized various proteins in periarteriolar GSC niches that appeared to be a replica of HSC niches. 24 These proteins include chemoattractant stromal-derived factor-1α (SDF-1α; also known as CXCL12), its receptor C-X-C receptor type 4 (CXCR4), cathepsin K (CatK), CD44, and osteopontin (OPN). 21, 22, 24 Receptor-ligand interactions such as CXCR4-SDF-1α and CD44-OPN are involved in homing of HSCs where SDF-1α and OPN are chemoattractants. 24 ,57,58 SDF-1α, CXCR4, OPN, and CD44 are predominantly expressed in hypoxic conditions in human bone marrow. 57 SDF-1α and OPN bind to their receptors CXCR4 and CD44, respectively, in the HSC niche in bone marrow around arterioles. 24, 59 SDF-1α and OPN are produced by ECs. 41 The function of SDF-1α and OPN is to maintain HSCs in their niches via interactions with their receptors. 24 CatK is among the highest differentially expressed proteases in glioblastoma as compared with the healthy brain. 60, 61 CatK can cleave and thereby inactivate SDF-1α in the bone marrow, which leads to the release of HSCs out of HSC niches into the blood circulation. 24 An in vitro study demonstrated how inactivation of SDF-1α by CatK inhibits the binding of CXCR4-postive GSCs to SDF-1α. 22 Besides the SDF-1α-CXCR4 axis, the OPN-CD44 axis is also associated with homing of GSCs in niches where CD44-positive GSCs are attracted by OPN. 4 We hypothesize that the function of the OPN-CD44 axis in glioblastoma is similar to the function of SDF-1α-CXCR4 axis because of the analogy with the HSC niche in human bone marrow. Furthermore, OPN is involved in the recruitment of tumor-associated macrophages (TAMs) which are anti-inflammatory and protumorigenic. 62 Hypoxia increases CXCR4 expression of the TAMs that are in turn attracted not only by SDF-1α 63 but also by other chemoattractants such as OPN and periostin. 62, 64 Whether immunomodulators will be effective as anti-glioblastoma therapy is unknown but certainly an aspect to keep in mind for further studies.
Vessel Type in Perivascular GSC Niches
The term perivascular niches does not specify which type of vessel, arteriole, capillary, venule, or lymphatic vessel is localized in the center of the niches. However, it is regularly assumed that perivascular means pericapillary. 3, 8 A number of studies of perivascular niches have histological or histochemical images.
7,65-69 Figures 3-5 show the relevant images. The vessels in the center of the perivascular niches have in all four cases a diameter that is too large and walls that are too thick for capillaries. In none of these four publications, the vessel type is specified and is indicated as blood vessel or vessel. We were not able to discriminate arterioles from venules in one case (Fig. 3A reprinted from Nie et al. 65 ), but in the other cases (Figs. 3B, 4, 5A , B, and 5C, reprinted from Schiffer et al., 69 Motegi et al., 68 and Hermansen et al., 67 respectively), arterioles are shown. Moreover, the CD133 immunostaining in Hermansen et al. 67 and Motegi et al. 68 is in agreement with the CD133 immunostaining patterns that we found around the tunica adventitia of arterioles 21 (Fig. 5D ).
Hypoxic Perivascular GSC Niches Are Hypoxic Periarteriolar GSC Niches
Since the introduction of perivascular GSC niches in glioblastoma tumors by Calabrese et al., and their assumption that the vessels were capillaries, 8 the correctness of this assumption has never been rigidly questioned. The vessels were demonstrated by fluorescence immunohistochemical staining of ECs only with anti-CD34 antibodies. 8 These antibodies stain ECs of all types of blood vessels, 70 whereas the morphology of the vessel walls cannot be studied in these fluorescence images. The six studies that have been published with light microscopical images of perivascular GSC niches do not analyze the type of vessels and name them blood vessels or vessels without specification. 7, [65] [66] [67] [68] [69] However, the vessels shown in these publications do not have the morphology of capillaries or sinuses. Therefore, we conclude that perivascular GSC niches are more precisely defined as periarteriolar GSC niches.
This conclusion makes sense in a number of ways. First, the hypoxic character of periarteriolar GSC niches can now be explained by the fact that there is no oxygen exchange between oxygenated blood in the lumen of arterioles and surrounding tissues because arterioles are transport vessels. Hypoxia is an essential condition for stem cells to keep their stemness. Second, the hypoxic periarteriolar GSC niche is a copy of hypoxic periarteriolar HSC niches in the bone marrow. Third, the tunica adventitia of arterioles is the place where GSC niches can develop because Notch signaling drives both the arteriolar specification and the stemness of GSCs. We propose here that not only signaling by ECs is essential for GSC niches but also signaling by smooth muscle cells. Whether there is direct signaling by ECs to GSCs or indirect signaling via the smooth muscle cells or both needs further investigations.
Fourth, the tunica adventitia of arterioles contains MSC niches. Therefore, the edge of the tunica adventitia of arterioles in glioblastoma tumors (Fig. 5) is the place to be for GSCs. 
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